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SECTION 4 - FOUNDATIONS

Part A
General Requirements and Materials

41  GENERAL

Foundations shall be designed to support al live and
dead loads, and earth and water pressure loadings in
accordance with the general principles specified in this
section. Thedesign shall bemadeeither withreferenceto
serviceloadsand allowabl e stresses as provided in SER-
VICE LOAD DESIGN or, alternatively, with reference
to load factors, and factored strength as provided in
STRENGTH DESIGN.

4.2 FOUNDATION TYPE AND
CAPACITY

42.1 Selection of Foundation Type

Selection of foundation type shall be based on an
assessment of the magnitude and direction of loading,
depth to suitable bearing material s, evidence of previous
flooding, potential for liquefaction, undermining or scour,
swelling potential, frost depth and ease and cost of
construction.
422 Foundation Capacity

Foundations shall be designed to provide adequate
structural capacity, adequate foundation bearing capac-
ity with acceptable settlements, and acceptable overall
stability of slopes adjacent to the foundations. Thetoler-
able level of structural deformation is controlled by the
type and span of the superstructure.
4221 Bearing Capacity

Thebearing capacity of foundationsmay be estimated
using proceduresdescribedin Articles4.4, 4.5, or 4.6 for
service load design and Articles 4.11, 4.12, or 4.13 for

strength design, or other generally accepted theories.
Such theories are based on soil and rock parameters

measured by in situ and/or laboratory tests. The bearing
capacity may also be determined using load tests.

4222 Settlement

The settlement of foundations may be determined
using proceduresdescribed in Articles4.4, 4.5, or 4.6 for
service load design and Articles 4.11, 4.12, or 4.13 for
strength design, or other generally acepted methodolo-
gies. Such methods are based on soil and rock parameters
measured directly or inferred from the results of in situ
and/or laboratory tests.

4.2.2.3 Overall Stability

The overall stahility of slopesin the vicinity of foun-
dations shall be considered as part of the design of
foundations.
4.2.3

Soil, Rock, and Other Problem
Conditions

Geologic and environmental conditions caninfluence
the performance of foundations and may require special
consideration during design. To the extent possible, the
presence and influence of such conditionsshall be evalu-
ated as part of the subsurface exploration program. A
representative, but not exclusive, listing of problem con-
ditions requiring special consideration is presented in
Table 4.2.3A for general guidance.

43 SUBSURFACE EXPLORATION AND
TESTING PROGRAMS

The elements of the subsurface exploration and test-
ing programs shall be the responsibility of the designer
based on the specificerequirementsof theproject and his
or her experience with local geologic conditions.

Section4  FOUNDATIONS 4-1
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TABLE 4.2.3A Praoblem Conditions Requiring Special Consider ation

Problem
Type Description Comments
Organic soil; highly plastic clay Low strength and high compressibility
Sensitive clay Potentially large strength loss upon large straining
Micaceous sail Potentially high compressibility (often saprolitic)
Sail Expansive clay/silt; expansive slag Potentially large expansion upon wetting
Liquefiable soil Complete strength loss and high deformations due to
earthquake loading
Collapsible soil Potentially large deformations upon wetting (Caliche; L oess)
Pyritic soil Potentially large expansion upon oxidation
Laminated rock Low strength when loaded parallel to bedding
Expansive shale Potentially large expansion upon wetting; degrades readily
upon exposure to air/water
Pyritic shale Expands upon exposure to air/water
Rock Solublerock Soluble in flowing and standing water (Limestone,
Limerock, Gypsum)
Cretaceous shale Indicator of potentially corrosive ground water
Weak claystone (Red Beds) Low strength and readily degradable upon exposure to air/water
Gneissic and Schistose Rock Highly distorted with irregular weathering profiles and steep
discontinuities
Subsidence Typical in areas of underground mining or high ground water
extraction
Sinkholes/solutioning Karst topography; typical of areas underlain by carbonate rock
strata
Condition Negative skin friction/ Additional compressive/uplift load on deep foundations due to
expansion loading settlement/uplift of soil
Corrosive environments Acid mine drainage; degradation of certain soil/rock types
Permafrost/frost Typical in northern climates
Capillary water Rise of water level in silts and fine sands leading to strength loss
431 General Requirements » Rock strata
— Depth to rock

Asaminimum, the subsurface exploration and testing
programs shall define the following, where applicable:

» Soil strata
— Depth, thickness, and variability
— ldentification and classification

— Identification and classification

— Quality (i.e., soundness, hardness, jointing and
presence of joint filling, resistance to weather-
ing, if exposed, and solutioning)

— Compressive strength (e.g., uniaxial compres-
sion, point load index)

4-2

— Relevant engineering properties (i.e., shear
strength, compressihility, stiffness, permeabil-
ity, expansion or collaspe potential, and frost
susceptibility)

Section4d FOUNDATIONS

— Expansion potential

Ground water €levation

Ground surface elevation

Local conditions requiring special consideration
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Exploration logs shall include soil and rock strata
descriptions, penetrationresistancefor soils(e.g., SPT or
dc), and sample recovery and RQD for rock strata. The
drilling equipment and method, use of drilling mud, type
of SPT hammer (i.e. safety, donut, hydraulic) or cone
penetrometer (i.e., mechanical or electrical), and any
unusual subsurface conditionssuch asartesian pressures,
boulders or other obstructions, or voids shall also be
noted on the exploration logs.

4.3.2 Minimum Depth

Where substructure units will be supported on spread
footings, the minimum depth of the subsurface explora-
tion shall extend below the anticipated bearing level a
minimum of two footing widths for isolated, individual
footings where L< 2B, and four footing widths for foot-
ingswhere L > 5B. For intermediate footing lengths, the
minimum depth of exploration may be estimated by
linear interpolation as afunction of L between depths of
2B and 5B below the bearing level. Greater depths may
be required where warranted by local conditions.

Where substructure units will be supported on deep
foundations, the depth of the subsurfaceexploration shall
extend aminimum of 20feet below theanticipated pileor
shaft tip elevation. Where pile or shaft groups will be
used, the subsurface exploration shall penetrate suffi-
cient depthinto firm stablematerial to insurethat signifi-
cant settlement will not develop from compression of the
deeper soils due to loads imposed by the structure. For
piles or shafts bearing on rock, a minimum of 10 feet of

rock core, or alength of rock core equal tothreetimesthe
pile or shaft diameter below anticipated tip elevation,
whichever is greater, shall be obtained to insure the
exploration has not been terminated on a boulder. For
shaft group bearing on rock the exploration shall pen-
etrate sufficient depth into competent rock to determine
the physical characteristics of rock within the zone of
foundation influence for design.
4.3.3 Minimum Coverage

Unlessthe subsurface conditionsof thesiteareknown
tobeuniform, aminimum of onesoil boring shall bemake
for each substructure unit. For substructure units over
100" inwidth, aminimum of two boringsshall berequired.
43.4 Laboratory Testing

Laboratory testing shall be performed as necessary to
determine engineering properties including unit weight,
shear strength, compressive strength and compressibil-
ity. In the absence of laboratory testing, engineering
properties may be estimated based on published test
results or local experience.
4.3.5 Scour

The probable depth of scour shall be determined by
subsurface exploration and hydraulic studies. Refer to

Article 1.3.2 and FHWA (1988) for general guidance
regarding hydraulic studies and design.
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Part B
Service Load Designh Method
Allowable Stress Design

4.4 SPREAD FOOTINGS

441 General

4411 Applicability
Provisions of this Article shall apply for design of
isolated footings, and to combined footings and mats
(footings supporting more than one column, pier, or
wall).
4412 Footings Supporting Non-
Rectangular Columnsor Piers

Footingssupporting circular or regul ar polygon-shaped
concrete columnsor piersmay be designed assuming that
the columnsor piersact assquare memberswiththesame
areafor location of critical sections for moment, shear,
and development of reinforcement.

4413 Footingsin Fill

Footingslocatedinfill are subject to the same bearing
capacity and settlement considerations as footings in
natural soil in accordance with Articles 4.4.7.1 through
4.4.7.2. The behavior of both the fill and underlying
natural soil shall be considered.

4414 Footingsin Sloped Portions of
Embankments

The earth pressure against the back of footings and
columns within the sloped portion of an embankment
shall be equal to the at-rest earth pressure in accordance
with Article5.5.2. Theresistance dueto the passive earth
pressure of the embankment in front of the footing shall
be neglected to a depth equal to a minimum depth of 3
feet, the depth of anticipated scour, freeze thaw action,
and/or trench excavation in front of the footing, which-
ever is greater.

4415 Distribution of Bearing Pressure

Footings shall be designed to keep the maximum soil
and rock pressureswithin safebearing values. To prevent
unequal settlement, footingsshall bedesignedtokeepthe

4-4 SecTion4  FOUNDATIONS

bearing pressure asnearly uniform as practical. For foot-
ings supported on piles or drilled shafts, the spacing
between piles and drilled shafts shall be designed to
ensurenearly equal loadson deep foundation elementsas
may be practical.

When footings support morethan one column, pier, or
wall, distribution of soil pressure shall be consistent with
properties of the foundation materials and the structure,
and with the principles of geotechnical engineering.
4.4.2 Notations

The following notations shall apply for the design of
spread footings on soil and rock:

A = Contact area of footing (ft2)

A’ = Effective footing area for computation of
bearing capacity of afooting subjected to
eccentricload (ft2); (SeeArticle4.4.7.1.1.1)

be,by,bg = Base inclination factors (dim); (See Ar-
ticle4.4.7.1.1.8)

B = Width of footing (ft); (Minimum plan di-
mensi on of footing unlessotherwisenoted)

B' = Effectivewidthforloadeccentricin direc-
tion of short side, L unchanged (ft)

c = Soil cohesion (ksf)

c = Effective stress soil cohesion (ksf)

c* = Reduced effective stress soil cohesion for
punching shear (ksf); (See Article4.4.7.1)

Ca = Adhesion between footing and foundation
soil or rock (ksf); (SeeArticle4.4.7.1.1.3)

Cy = Coefficient of consolidation (ft2/yr); (See
Article 4.4.7.2.3)

c1 = Shear strength of upper cohesive soil layer
below footing (ksf); (See Article
4.4.7.1.1.7)

C2 = Shear strength of lower cohesive soil layer
below footing (ksf); (See Article
4.4.7.1.1.7)

Cc = Compression index (dim); (See Article
4.4.7.2.3)

Cer = Recompression index (dim); (See Article
4.4.7.2.3)

Cee = Compression ratio (dim); (See Article
4.4.7.2.3)

Co = Uniaxial compressive strength of intact
rock (ksf)

Cre = Recompression ration (dim); (See Article
4.4.7.2.3)

Cae = Coefficient of secondary compression de-

fined as change in height per log cycle of
time (dim); (See Article 4.4.7.2.4)
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Influence depth for water below footing
(ft); (See Article 4.4.7.1.1.6)

Depth to base of footing (ft)

Void ratio (dim); (See Article 4.4.7.2.3)
Void ratio at final vertical effective stress
(dim); (See Article 4.4.7.2.3)
Voidratioatinitial vertical effectivestress
(dim); (See Article 4.4.7.2.3)

Void ratio at maximum past vertical effec-
tive stress (dim); (See Article 4.4.7.2.3)
Eccentricity of load in the B direction
measured from centroid of footing (ft)
(SeeArticle4.4.7.1.1.1)

Eccentricity of load intheL direction mea-
sured from centroid of footing (ft); (See
Article4.4.7.1.1.1)

Modulus of intact rock (ksf)

Rock mass modulus (ksf) (See Article
4.482.2)

Soil modulus (ksf)

Total force on footing subjected to an in-
clined load (k); (See Article 4.4.7.1.1.1)
Unconfined compressive strength of con-
crete (ksf)

Factor of safety against bearing capacity,
overturning or sliding shear failure (dim)
Depth from footing base to top of second
cohesive soil layer for two-layer cohesive
soil profile below footing (ft); (SeeArticle
4.4.7.1.1.7)

Height of compressible soil layer (ft)
Critical thickness of the upper layer of a
two-layer system beyond which the under-
lying layer will have little effect on the
bearing capacity of footingsbearinginthe
upper layer (ft) (See Article 4.4.7.1.1.7)
Height of longest drainage path in com-
pressible soil layer (ft)

Height of dope(ft); (SeeArticle4.4.7.1.1.4)
Slope angle from horizontal of ground
surface below footing (deg)

Load inclination factors (dim); (See Ar-
ticle4.4.7.1.1.3)

Influence coefficient to account for rigid-
ity and dimensions of footing (dim); (See
Article4.4.8.2.2)

= Center-to-center spacing between adjacent

footings (ft)

Length of footing (ft)

Effective footing length for load eccentric
in direction of long side, B unchanged (ft)

L

N

Nc,Nv,Nq

Nm

Nms
Ns

Ncq,Nyq

Pmax

Gall
Qc
Omax
Qmax
Cmin
On
Go

Jos

Quit

(o]
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Length (or width) of footing having posi-
tive contact pressure (compression) for
footing loaded eccentrically about oneaxis
(ft)

Exponential factor relating B/L or L/B
ratiosfor inclined loading (dim); (See Ar-
ticle 4.4.7.1.1.3)

Standard penetration resistance (blows/ft)
Standard penetration resistance corrected
for effects of overburden pressure (blows/
ft); (See Article 4.4.7.2.2)

Bearing capacity factorshased onthevalue
of internal friction of the foundation soil
(dim); (See Article 4.4.7.1)

Modified bearing capacity factor to ac-
count for layered cohesive soils below
footing (dim); (See Article 4.4.7.1.1.7)
Coefficient factor to estimate qy; for rock
(dim); (See Article 4.4.8.1.2)

Stability number (dim); (See Article
4.4.7.1.1.4)

Modified bearing capacity factors for ef-
fects of footing on or adjacent sloping
ground (dim); (See Article 4.4.7.1.1.4)
Tangential component of force on footing
(k)

Maximum resisting force between footing
baseand foundation soil or rock for sliding
failure (k)

Effective overburden pressure at base of
footing (ksf)

Normal component of force on footing (k)
Allowable uniform bearing capacity (ksf)
Cone penetration resistance (ksf)
Maximum footing contact pressure (ksf)
Maximum normal component of |oad sup-
ported by foundation soil or rock at ulti-
mate bearing capacity (k)

Minimum magnitude of footing contact
pressure (ksf)

Nominal bearing resistance (ksf)(see Ar-
ticle 4.4.7)

Unfactored vertical pressure at base of
loaded area (ksf); (See Article 4.4.7.2.1)
Unfactored bearing pressure (ksf) causing
the maximum allowabl e el astic settlement
(seeArticle4.4.7.2.2)

Ultimatebearing capacity for uniformbear-
ing pressure (ksf)

Ultimate bearing capacity of footing sup-
ported in the upper layer of a two-layer
system assuming the upper layer is infi-
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nitely thick (ksf) (See Article 4.4.7.1.1.7)
Ultimate bearing capacity of afictitious
footing of the same size and shape as the
actual footing, but supported on surface of
the second (lower) layer of a two-layer
system (ksf); (See Article 4.4.7.1.1.7)
Resultant of pressureon baseof footing (k)
Radiusof circular footing or B/2for square
footing (ft); (See Article 4.4.8.2.2)

Rock Quality Designation (dim)

Footing shape factors (dim); (See Article
4.4.7.1.1.2)

Undrained shear strength of soil (ksf)
Consolidation settlement (ft); (SeeArticle
4.4.7.2.3)

Elastic or immediate settlement (ft); (See
Article 4.4.7.2.2)

Secondary settlement (ft); (See Article
4.4.7.2.4)

Total settlement (ft); (See Article 4.4.7.2)
Time to reach specified average degree
of consolidation(yr); (SeeArticle4.4.7.2.3)
Arbitrary timeintervalsfor determination
of S5 (yr); (See Article 4.4.7.2.4)

Time factor (dim); (See Article 4.4.7.2.3)
Depth from footing base down to the high-
est anticipated groundwater level (ft); (See
Article 4.4.7.1.1.6)

Angle of inclination of the footing base
from the horizontal (radian)

Reduction factor (dim); (See Article
4.4.8.2.2)

Length to width ratio of footing (dim)
Punching index = BL/[2(B+L)H] (dim);
(SeeArticle 4.4.7.1.1.7)

Factor to account for footing shape and
rigidity (dim); (See Article 4.4.7.2.2)
Total unit weight of soil or rock (kcf)
Buoyant unit weight of soil or rock (kcf)
Moist unit weight of soil (kcf)

Angleof friction betweenfooting andfoun-
dation soil or rock (deg); (See Article
4.4.7.1.1.3)

Vertica strain(dim); (SeeArticle4.4.7.2.3)
Vertical strain at fina vertical effective
stress (dim); (See Article 4.4.7.2.3)

Initial vertical strain (dim); (See Article
4.4.7.2.3)

Vertical strain at maximum past vertical
effective stress (dim); (See Article
4.4.7.2.3)

Section4d FOUNDATIONS

Angle of load eccentricity (deg)

Shear strength ratio (c,/c,) for two layered
cohesive soil system below footing (dim);
(See Article 4.4.7.1.1.7)

Reduction factor to account for
three-dimensional effects in settlement
analysis (dim); (See Article 4.4.7.2.3)
Poisson’sratio (dim)

Final vertical effective stress in soil at
depth interval below footing (ksf); (See
Article 4.4.7.2.3)

Initial vertical effective stress in soil at
depth interval below footing (ksf); (See
Article 4.4.7.2.3)

Maximum past vertical effective stressin
soil at depth interval below footing (ksf);
(See Article 4.4.7.2.3)

Angle of internal friction (deg)

Effective stress angle of internal friction
(deg)

Reduced effectivestresssoil frictionangle
for punching shear (ksf); (See Article
44.7.1)

Hc

O"f

a's

Q
©
I

§ 4.
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The notations for dimension unitsinclude thefollow-
ing: dim=Dimensionless; deg =degree; ft =foot; k =kip;
k/ft = kip/ft; ksf = kip/ft2; kcf = kip/ft3; Ib = pound; in. =
inch; and psi = pound per square inch. The dimensional
units provided with each notation are presented for illus-
tration only to demonstrate adimensionally correct com-
bination of units for the footing capacity procedures
presented herein. If other unitsare used, the dimensional
correctness of the equations shall be confirmed.

4.4.3 Design Terminology

Refer to Figure 4.4.3A for terminology used in the
design of spread footing foundations.

444 Soil and Rock Property Selection

Soil and rock properties defining the strength and
compressibility characteristics of the foundation materi-
alsarerequired for footing design. Foundation stability
and settlement analyses for design shall be conducted
using soil and rock propertiesbased ontheresultsof field
and/or laboratory testing.
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FIGURE 4.4.3A Design Terminology for Spread Footing Foundations

4.45 Depth
4.45.2 Scour Protection

4451 Minimum Embedment and
Bench Width Footings supported on soil or degradable rock strata
shall be embedded bel ow the maximum computed scour
Footings not otherwise founded on sound, non- depth or protected with ascour countermeasure. Footings
degradeabl e rock surfaces shall be embedded asufficient supported on massive, competent rock formationswhich
depth to provide adequate bearing, scour and frost heave | arehighly resistant to scour shall be placed directly onthe
protection, or 3 feet to the bottom of footing, whichever | cleaned rock surface. Where required, additional lateral
is greatest. For footings constructed on slopes, amini- | resistance should be provided by drilling and grouting
mum horizontal distance of 4 feet, measured at thetop of steel dowelsinto the rock surface rather than blasting to
footing, shall be provided between the near face of the | embed the footing below the rock surface.
footing and the face of the finished slope.

Section4  FOUNDATIONS 4-7
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Footings on piles may be located above the lowest
anticipated scour level provided the piles are designed
for this condition. Assume that all of the degradation
scour has occurred and none of the maximum anticipated
local scour (local pier andlocal contraction) hasoccurred
when designing for earthquake loading. Where footings
on piles are subject to damage by boulders or debris
during flood scour, adequate protection shall be pro-
vided. Footings shall be constructed so asto neither pose
an obstacleto water traffic nor be exposed to view during
low flow.

Abutment footings shall be constructed so as to be
stableif scour or meandering causes|oss of approachfill.

4453 Footing Excavations

Footing excavations below the ground water table,
particularly in granular soils having relatively high per-
meability, shall be made such that the hydraulic gradient
in the excavation bottom is not increased to amagnitude
that would cause the foundation soils to loosen or soften
duetotheupward flow of water. Further, footing excava-
tions shall be made such that hydraulic gradients and
material removal do not adversely affect adjacent struc-
tures. Seepage forces and gradients may be evaluated by
flow net proceduresor other appropriate methods. Dewa-
tering or cutoff methodsto control seepage shall be used
where necessary.

Footing excavationsin nonresi stant, easily weathered
moi sture sensitiverocksshall be protected fromweather-
ing immediately after excavation with a lean mix con-
crete or other approved materials.

4454 Piping

Piping failures of fine materials through rip-rap or
through drainage backfills behind abutments shall be
prevented by properly designed, graded soil filters or
geotextile drainage systems.

446 Anchorage

Footings founded on inclined, smooth rock surfaces
and which arenot restrained by an overburden of resistant
material shall be effectively anchored by means of rock
anchors, rock bolts, dowels, keys, benching or other
suitable means. Shallow keying or benching of large
footing areas shall be avoided where blasting is required
for rock removal.

4-8 Section4d FOUNDATIONS

4.4.7 Geotechnical Design on Soil

Spread footings on soil shall be designed to support
the design loads with adequate bearing and structural
capacity, and with tolerable settlementsin conformance
with Articles 4.4.7 and 4.4.11.

Thelocation of theresultant of pressure(R) onthebase
of the footings shall be maintained within B/6 of the
center of the footing.

The nominal bearing resistance, g, shall be taken as
the lesser of the values gy and 3.0 (gs.

44.7.1 Bearing Capacity

The ultimate bearing capacity (for general shear fail-
ure) may be estimated using the following relationship
for continuous footings (i.e., L > 5B):

Quit = CN¢ + 0.5yBN, + qNq (4.4.7.1-1)

The alowable bearing capacity shall be determined
as.
Qa1 = On/FS (4.4.7.1-2)
Refer to Table 4.4.7.1A for values of N¢, Ny and Ng.
If local or punching shear failureispossible, thevalue
of qut may be estimated using reduced shear strength
parameters c* and ¢* in 4.4.7.1-1 asfollows:

c* = 0.67c (4.4.7.1-3)

@ =tan"1(0.67tang) (4.4.7.1-9)

Effective stressmethods of analysisand drained shear
strength parameters shall be used to determine bearing
capacity factors for drained loading conditions in all
soils. Additionally, the bearing capacity of cohesivesoils
shall be checked for undrained loading conditions using
bearing capacity factors based on undrained shear
strength parameters.

44711 Factors Affecting Bearing
Capacity

A modified form of the general bearing capacity
equation may be used to account for the effects of footing
shape, ground surface slope, base inclination, and in-
clined loading as follows:

+ + + 4+
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TABLE 4.4.7.1A Bearing Capacity Factors
(0} N Ng Ny (0} N¢ Ng Ny
0 5.14 1.00 0.00 26 22.25 11.85 12.54
1 5.38 1.09 0.07 27 23.94 13.20 14.47
2 5.63 1.20 0.15 28 25.80 14.72 16.72
3 5.90 131 0.24 29 27.86 16.44 19.34
4 6.19 1.43 0.34 30 30.14 18.40 22.40
5 6.49 157 0.45 31 32.67 20.63 25.99
6 6.81 1.72 0.57 32 35.49 23.18 30.22
7 7.16 1.88 0.71 33 38.64 26.09 35.19
8 7.53 2.06 0.86 34 42.16 29.44 41.06
9 7.92 2.25 1.03 35 46.12 33.30 48.03
10 8.35 2.47 1.22 36 50.59 37.75 56.31
11 8.80 2.71 1.44 37 55.63 42.92 66.19
12 9.28 2.97 1.69 38 61.35 48.93 78.03
13 9.81 3.26 1.97 39 67.87 55.96 92.25
14 10.37 3.59 2.29 40 75.31 64.20 109.41
15 10.98 3.94 2.65 41 83.86 73.90 130.22
16 11.63 4.34 3.06 42 93.71 85.38 155.55
17 12.34 477 3.53 43 105.11 99.02 186.54
18 13.10 5.26 4.07 44 118.37 115.31 224.64
19 13.93 5.80 4.68 45 133.88 134.88 271.76
20 14.83 6.40 5.39 46 152.10 158.51 330.35
21 15.82 7.07 6.20 47 173.64 187.21 403.67
22 16.88 7.82 7.13 48 199.26 222.31 496.01
23 18.05 8.66 8.20 49 229.93 265.51 613.16
24 19.32 9.60 9.44 50 266.89 319.07 762.89
25 20.72 10.66 10.88 — — — —
B'=B—2eg (44.7.11.1-1)
Quit = CNcSchcic + 0.5 BN = \s,0yiy+ aNgSqbgiq L'=L —26 (4.4.7.1.1.1-2)

(4.4.7.1.1-1)

Reduced footing dimensions shall be used to account
for the effects of eccentric loading.

447111 Eccentric Loading

For loads eccentric relative to the centroid of the
footing, reduced footing dimensions (B' and L") shall be
used to determine bearing capacity factorsand modifiers
(i.e., slope, footing shape, and load inclination factors),
and to calculate the ultimate |l oad capacity of thefooting.
The reduced footing dimensions shall be determined as
follows:

The effective footing area shall be determined as
follows:

A'=B'L' (4.4.7.1.1.1-3)

Refer to Figure 4.4.7.1.1.1A for loading definitions
and footing dimensions.

The value of gy obtained using the reduced footing
dimensions represents an equivalent uniform bearing
pressure and not the actual contact pressure distribution
beneath the footing. This equivalent pressure may be
multiplied by the reduced areato determine the ultimate
load capacity of the footing from the standpoint of bear-
ing capacity. The actual contact pressure distribution
(i.e., trapezoidal for the conventional assumption of a

Section4  FOUNDATIONS 4-9
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rigid footing and a positive pressure along each footing
edge) shall be used for structural design of the footing.

The actual distribution of contact pressure for arigid
footing with eccentric loading about one axisisshownin
Figure 4.4.7.1.1.1B. For an eccentricity (e ) in the L
direction, the actual maximum and minimum contact
pressures may be determined as follows:

for e  <L/6:
(4.4.7.1.1.1-4)
Qmin =Q[1-(6e./L))/BL (4.4.7.1.1.1-5)
for L/I6<e <L/2:
Qe =2Q/(3B[L/2)—¢, ]) (4.4.7.1.1.1-6)
Amin =0 (4.4.7.1.1.1-7)
L, =3[(L/2)—e.] (4.4.7.1.1.1-8)

For an eccentricity (eg) in the B direction, the maxi-
mum and minimum contact pressuresmay bedetermined
using Equations 4.4.7.1.1.1-4 through 4.4.7.1.1.1-8 by
replacingtermslabeled L by B, andtermslabeledB by L.

Footings on soil shall be designed so that the eccen-
tricity of loading islessthan /4 of thefooting dimension
in any direction.

447112 Footing Shape

For footing shapes other than continuous footings
(i.e., L <5B) thefollowing shapefactorsshall be applied
to Equation 4.4.7.1.1-1:

s = 1+ (BL)(NG/N,) (4.4.7.1.1.2-1)
s =1+ (B/L)tan@ (4.4.7.1.1.2-2)
s, =1-0.4(B/L) (4.4.7.1.1.2-3)

For circular footings, B equals L. For casesin which
the loading is eccentric, the terms L and B shall be
replaced by L' and B' respectively, in the above equa-
tions.

4.47.1.1.3 Inclined Loading

For inclined loads, the following inclination factors
shall be applied in Equation 4.4.7.1.1-1:

4-10 Section4d FOUNDATIONS

ic=iq—[(1—ig)/Nctan ¢ (for ¢>0)

(4.4.7.1.1.3-1)

ic=1—(nP/BLcN,) (for 9=0) (4.4.7.1.1.3-2)

ig=[1-P/(Q+BLccotg)]"  (4.4.7.1.1.3-3)

iy = [1—P/(Q + BLc cotq)] (™D (4.4.7.1.1.3-4)

n =[(2+L/B)/(1+L/B)]cos’0
+[(2+B/L)/(1+B/L)]sin0 (4.4.7.1.1.3-5)

Refer to Figure 4.4.7.1.1.1A for loading definitions
and footing dimensions. For casesinwhichtheloadingis
eccentric, theterms L and B shall be replaced by L' and
B' respectively, in the above equations.

Failure by dliding shall be considered by comparing
thetangential component of forceonthefooting (P) tothe
maximum resisting force (Pnax) by the following:

P,.. =Qtand+BLe, (4.4.7.1.1.3-6)

FS=P,,/P>15 (4.4.7.1.1.3-7)

In determining Prax, the effect of passive resistance
provided by footing embedment shall beignored, and BL
shall represent the actual footing areain compression as
shown in Figure 4.4.7.1.1.1B or Figure 4.4.7.1.1.1C.

44.7.1.1.4 Ground Surface Sope

For footingslocated on slopes or within 3B of aslope
crest, qu: may be determined using the foll owing revised
version of Equation 4.4.7.1.1-1:

Qu =N s.b.i, +0.5yBN, s bi, (44.7.114-1)

L YOy UYY

Refer to Figure 4.4.7.1.1.4A for values of Neg and Nyq
for footingson slopesand Figures4.4.7.1.1.4B for values
of N¢g and Nyq for footings at the top of slopes. For
footings in or above cohesive soil slopes, the stability
number in the figures, Ns is defined as follows:

N, =vH,/c (4.4.7.1.1.4-2)

Overall stability shall be evaluated for footings on or
adjacent to sloping ground surfaces as described in Ar-
ticle 4.4.9.
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FIGURE 4.4.7.1.1.1A Definition Sketch for Loading and Dimensions for Footings
Subjected to Eccentric or Inclined L oads
Modified after EPRI (1983)
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FIGURE 4.4.7.1.1.1B Contact Pressurefor Footing L oaded Eccentrically About One Axis
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FIGURE 4.4.7.1.1.1C Contact Pressurefor Footing L oaded Eccentrically About Two Axes
Modified after AREA (1980)
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FIGURE 4.4.7.1.1.4A Modified Bearing Capacity Factorsfor Footing on Sloping Ground
Modified after Meyerhof (1957)
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4.4.7.1.1.5 Embedment Depth

The shear strength of soil abovethebase of footingsis
neglected in determining gy using Equation 4.4.7.1.1-
1. If other procedures are used, the effect of embedment
shall beconsistent with therequirementsof theprocedure
followed.

447116 Ground Water

Ultimate bearing capacity shall be determined using
the highest anticipated ground water level at the footing
location. Theeffect of ground water level ontheultimate
bearing capacity shall be considered by using aweighted
average soil unit weight in Equation 4.4.7.1.1-1. If
< 37°,thefollowing equationsmay beused to determine
the weighted average unit weight:

for z,> B : usey =Yy, (no effect)

(4.4.7.1.1.6-1)

forz,<B:usey=VY +(zw/B) (Yn—YV)
(4.4.7.1.1.6-2)

forzy<0:usey=y (4.4.7.1.1.6-3)

Refer to Figure 4.4.7.1.1.6A for definition of terms
used in these equations. If ¢37°, the following equations
may be used to determine the weighted average unit
weight:

Y= (2D - zy) (ZyYn/D?)(ZwYm/D?) + Y/D?)(D-zy,)?
(4.4.7.1.1.6-4)
D = 0.5Btan(45° + @/2) (4.4.7.1.1.6-5)
447117 Layered Soils

If thesoil profileislayered, thegeneral bearing capac-
ity equation shall be modified to account for differences

FIGURE 4.4.7.1.1.6A Definition Sketch for Influence of Ground Water Table on Bearing Capacity
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in failure modes between the layered case and the homo-
geneous soil case assumed in Equation 4.4.7.1.1-1.

Undrained Loading

For undrained loading of a footing supported on the
upper layer of atwo-layer cohesive soil system, gy may
be determined by the following:

Qut =CiNm+q (44.711.7-1)

Refer to Figure 4.4.7.1.1.7A for the definition of c;.
For undrained loading, c¢; equal sthe undrained soil shear
strength s, and ¢=0.

If thebearing stratumisacohesive soil which overlies
a dtiffer cohesive soil, refer to Figure 4.4.7.1.1.7B to
determine Np,,. If the bearing stratum overlies a softer
layer, punching shear should be assumed and N,, may be
calculated by the following:

100
90

80

.. 70
60

S0

Modilied boavidq copacity tactor, N,

(v)

FIGURE 4.4.7.1.1.7A
Typical Two-Layer Soil Profiles
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(73
(=)
T

Nm= (Ubm+ksNo) <sN¢  (4.4.7.1.1.7-2)

Drained Loading

For drained loading of afooting supported on astrong
layer overlying aweak layer in atwo-layer system, gy
may be determined using the following:

Quit= [dz2+ (UK)cy'cotqy] exp +{2[1
+ (B/L)]Ktang,'(H/B)} — (1/K)c;' cotgy'

(4.4.7.1.1.7-3)

The subscripts 1 and 2 refer to the upper and lower
layers, respectively. K = (1 —sin?g,")/(1 + sin?@,") and g
equals qy; of afictitious footing of the same size and
shape as the actual footing but supported on the second
(or lower) layer. Reduced shear strength values shall be
used to determine g, in accordance with Article 4.4.7. 1.

T T T TIrrTY

L]

——/8 25 (strip)
—=L/8 3 | {square or circle)

Undrained strength ratio, c3/¢ k

FIGURE 4.4.7.1.1.7B Modified Bearing Capacity
Factor for Two-Layer Cohesive Soil with Softer Soil
Overlying Stiffer Soil EPRI (1983)




[ o

BRIDGE DEesigN SpeciFicaTions © NovemBer 2003

frans

If the upper layer is a cohesionless soil and ¢ equals
25° to 50°, Equation 4.4.7.1.1.7-3 reduces to:

Quit = G exp{ 0.67[1 + (B/L)]H/B}  (4.4.7.1.1.7-4)

Thecritical depth of the upper layer beyond whichthe
bearing capacity will generaly be unaffected by the
presence of the lower layer is given by the following:

Herit = [3B1n(qu/qp)]/[2(1 + BIL)]  (4.4.7.1.1.7-5)

In the equation, g; equals the bearing capacity of the
upper layer assuming the upper layer isof infinite extent.

447118 Inclined Base

Footingswith inclined bases are generally not recom-
mended. Where footings with inclined bases are neces-
sary, the following factors shall be applied in Equation
44.7.1.1-1:

by = by = (1 —atang)?

be= by — (1 - by)/(Nctang) for ¢ > 0)
(4.4.7.1.1.8-2)

(4.4.7.1.1.8-1)

b =1-[2a/(1t+ 2)] (for ¢=0)
(4.4.7.1.1.8-3)

Refer to Figure 4.4.7.1.1.8A for definition sketch.

Where footings must be placed on sloping surfaces,
refer to Article 4.4.6 for anchorage requirements.

4.4.7.1.2 Factors of Safety

Spread footings on soil shall be designed for Group 1
loadings using a minimum factor of safety (FS) of 3.0
against a bearing capacity failure.

4472 Settlement

The total settlement includes elastic, consolidation,
and secondary componentsand may be determined using
the following:

S=Se+ S+ S (4.4.7.2-1)

Elastic settlement shall be determined using the
unfactored dead load, plus the unfactored component of
live and impact loads assumed to extend to the footing
level. Consolidation and secondary settlement may be
determined using the full unfactored dead load only.

Other factors which can affect settlement (e.g., em-
bankment loading, lateral and/or eccentric loading, and
for footings on granular soils, vibration loading from

dynamic live loads or earthquake loads) should also be
considered, where appropriate. Refer to Gifford, et al.,

GROUND SURFACE;

FIGURE 4.4.7.1.1.8A Definition Sketch for Footing Base I nclination
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(1987) for general guidance regarding static loading
conditions and Lam and Martin (1986) for guidance
regarding dynamic/seismic loading conditions.
44721 Stress Distribution
Figure 4.4.7.2.1A may be used to estimate the distri-
bution of vertical stress increase below circular (or
square) and long rectangular footings (i.e., where L >

5B). For other footing geometries, refer to Poulos and
Davis (1974).

Some methods used for estimating settlement of foot-
ingson sandincludeanintegral method to account for the
effects of vertical stress increase variations. Refer to
Gifford, et a., (1987) for guidance regarding application
of these procedures.

44722 Elastic Settlement
The elastic settlement of footings on cohensionless

soils and stiff cohesive soils may be estimated using the
following:
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FIGURE 4.4.7.2.1A Boussinesg Vertical Stress Contoursfor Continuous and Squar e Footings
Modified after Sowers (1979)
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TABLE 4.4.7.2.2A Elastic Constantsof Various Soils
Modified after U.S. Department of the Navy (1982) and Bowles (1982)
Typical Range of Values Estimating Es From EsFrom N
Poisson’s
Young's Modulus, Eg Ratio, v Es
Soil Type (ksf) (dim) Soil Type (ksf)
Clay:
Soft sensitive 50-300 0.4-0.5 Silts, sandy silts, slightly 8N,
Medium stiff 300-1,000 (undrained) cohesive mixtures
to stiff 1,000-2,000 Clean fine to medium sands 14N,
Very dtiff and slightly silty sands
Coarse sands and sands with 20N,
little gravel
Loess 300-1,200 0.1-0.3 Sandy gravel and gravels 24N,
Silt 40-400 0.3-0.35
Fine sand: Estimating Es From s, ®
Loose 160-240
Medium dense 240-400 0.25
Dense 400-600 Soft sensitive clay 400s,-1,000s,
Sand: Medium stiff to stiff clay 1,500s;-2,400s,
Loose 200-600 0.2-0.35 Very dtiff clay 3,000s,-4,000s,
Medium dense 600-1,000
Dense 1,000-1,600 0.3-0.4 Estimating Eg From g4
Gravel:
Loose 600-1,600 0.2-0.35 Sandy soils 49
Medium dense 1,600-2,000
Dense 2,000-4,000 0.3-0.4

(ON = Standard Penetration Test (SPT) resistance.
(AN; = SPT corrected for depth.

()sy = Undrained shear strength (ksf).

(Agc = Cone penetration resistance (ksf).

TABLE 4.4.7.2.2B Elastic Shape and Rigidity
Factors EPRI (1983)

z Bz

L/B Flexible (average) Rigid
Circular 1.04 1.13
1 1.06 1.08

2 1.09 1.10

3 1.13 1.15

5 1.22 1.24

10 141 141
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S.=Lq,(1-v’)VA_/EB, (44.7.2.2-1)

Referto Table4.4.7.2.2A for approximateval uesof Eg
and v for various soil types, and Table 4.4.7.2.2B for
values of 3, for various shapes of flexible and rigid
footings. Unless Eg varies significantly with depth, Eg
should be determined at a depth of about 1/, to 2/3 of B
below thefooting. If thesoil modulusvariessignificantly
with depth, aweighted average value of Eg may be used.

Refer to Gifford, et al., (1987) for general guidance
regarding the estimation of elastic settlement of footings
on sand.

For determining the nominal bearing resistance, qos
shall bethevalueof g, which producesel astic settlements
of

Se=1 inch in structures with continuous spans or
multi-column bents

S.= 2 inchesin simple span structures.

4.47.2.3 Consolidation Settlement

The consolidation settlement of footings on saturated
or nearly saturated cohesive soilsmay beestimated using

the following when laboratory test results are ex-
pressed in terms of void ratio (e):

»  Forinitial overconsolidated soils (i.e., §,' > ):
Se=[Hd/(1+&y)][(Cerlog{ sp/50}
+Cclog{s'/s})] (4.4.7.2.3-1)

» Forinitial normally consolidated soils (i.e., s’ =

%)
Se=[Hd(1+e)][(Cclog(si/sy)] (44.7.2.3-2)

If laboratory test results are expressed in terms of
vertical strain (e,) consolidation settlement may be esti-
mated using the following:

»  Forinitial overconsolidated soils (i.e., §,' > ):

Se=HJCrd0g(sy' > &) + Ceel0g(st' > )]

(4.4.7.2.3-3)
» Forinitial normally consolidated soils (i.e., s,' =
S):

Sc=HcCed0g(s/sy) (44.7.2.3-4)

Refer to Figures 4.4.7.2.3A and 4.4.7.2.3B for the
definition of terms used in the equations.

To account for the decreasing stress with increased
depth below afooting, and variations in soil compress-
ibility with depth, the compressible layer should be
divided into vertical increments (i.e., typically 5 to 10
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Void ratio, ¢

Vertical effective stress, o' (log scaie)

FIGURE 4.4.7.2.3A Typical Consolidation
Compression Curve for Overconsolidated Soil—
Void Ratio Versus Vertical Effective Stress
EPRI (1983)
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FIGURE 4.4.7.2.3B Typical Consolidation
Compression Curve for Overconsolidated Soil—
Void Strain Versus Vertical Effective Stress
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FIGURE 4.4.7.2.3C Reduction Factor to Account
for Effects of Three-Dimensional Consolidation
Settlement EPRI (1983)
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FIGURE 4.4.7.2.3D Percentage of Consolidation asa Function of Time Factor, T
EPRI (1983)

feet for most normal width footingsfor highway applica-
tions), and the consolidation settlement of each incre-
ment analyzed separately. The total value of S; is the
summation of S. for each increment.

If the footing width is small relative to the thickness
of the compressible soil, the effect of three-dimensional
(3-D) loading may be considered using the following:

Sc(g_D) = HCSC(I_D) (44723-5)

Refer to Figure 4.4.7.2.3C for values of .

Thetime (t) to achieve a given percentage of thetotal
estimated 1-D consolidati on settlement may beestimated
using the following:

t=THg%c, (4.4.7.2.3-6)

Refer to Figure4.4.7.2.3D for valuesof T for constant
and linearly varying excess pressure distributions. See
Winterkorn and Fang (1975) for values of T for other
excess pressure distributions. Values of ¢, may be esti-
mated fromtheresultsof |aboratory consolidationtesting
of undisturbed soil samplesor fromin-situ measurements
using devices such as a piezoprobe or piezocone.

4.4.7.2.4  Secondary Settlement

Secondary settlement of footingson cohesivesoil may
be estimated using the following:

Se=CoeHelog(t/t)) (4.4.72.4-1)

t; isthetimewhen secondary settlement begins (typi-
cally at atime equivalent to 90-percent average degree of
consolidation), and t, is an arbitrary time which could
represent the service life of the structure. Values of Cge
may beestimated fromtheresultsof consolidationtesting
of undisturbed soil samples in the laboratory.

44725 Deleted
4.4.7.3 Deleted
4.4.8 Geotechnical Design on Rock

Spread footings supported on rock shall be designed
to support the design loads with adequate bearing and
structural capacity and with tolerable settlementsin con-
formancewith Articles4.4.8and 4.4.11. For footingson
rock, the location of the resultant of pressure (R) on the
base of footings shall be maintained within B/4 of the
center of the footing.

The bearing capacity and settlement of footings on
rock isinfluenced by the presence, orientation and con-
dition of discontinuities, weathering profiles, and other
similar features. The methods used for design of footings
on rock should consider these factors as they apply at a
particular site, and the degree to which they should be
incorporated in the design.

For footings on competent rock, reliance on simple
and direct analyses based on uniaxial compressive rock
strengthsand RQD may beapplicable. Competent rock is
defined as arock mass with discontinuities that are tight
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or open not wider than /g inch. For footings on less
competent rock, more detail ed investigations and analy-
sesshould beusedto account for theeffectsof weathering,
the presence and condition of discontinuities, and other
geologic factors.

4481 Bearing Capacity

44811 Footings on Competent Rock
Theallowablebearing capacity for footingssupported
on level surfaces in competent rock may be determined
usingFigure4.4.8.1.1 A (Peck, etal. 1974). Innoinstance
shall the maximum allowable bearing capacity exceed
the allowable bearing stress in the concrete. The RQD

rock within a depth of B below the base of the footing,
wherethe RQD values arerelatively uniform within that
interval. If rock within adepth of 0.5B bel ow the base of
thefootingisof poorer quality, theRQD of thepoorer rock
shall be used to determine gg.

4.4.8.1.2 Footings on Broken or Jointed
Rock

Thedesign of footings on broken or jointed rock must
account for the condition and spacing of joints and other
discontinuities. The ultimate bearing capacity of foot-
ingson broken or jointed rock may be estimated using the
following relationship:

usedinFigure4.4.8.1.1A shall betheaverageRQD for the Quit = NimsCo (4.4.8.1.2-1)
300 T T T ’ i Ll '
H<7> .
< 200}
o X
2
'g 100 -
3 C Upper limit curve n
(&) -
2 sof .
5  F .
S 30l If RQO is fairly uniform,
2 use average RQD withind =8
g 2 If RQD within d =8/4 is lower,
) use lower RQD
<
lo ] 1 1 !l 1 1 1
0 20 40 60_ - 80 100
RQD (%)

Note:

qan shall not exceed the unconfined compressive strength
of the rock or 0.595 f’; of the concrete.

FIGURE 4.4.8.1.1A AllowableContact Stressfor Footingson Rock with Tight Discontinuities
Peck, et al. (1974)
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TABLE 4.4.8.1.2A Valuesof Coefficient N,sfor Estimation of the Ultimate Bearing Capacity of Footingson
Broken or Jointed Rock (M odified after Hoek, (1983))

RMR®
Rating

Rock Mass

Quality General Description

NGI@
Rating

RQD® Nine
(%) A B C D E

Excellent Intact rock with joints spaced 100

> 10 feet apart

Very good Tightly interlocking, undis- 85
turbed rock with rough
unweathered joints spaced 3 to

10 feet apart

Fresh to slightly weathered 65
rock, slightly disturbed with
joints spaced 3 to 10 feet apart

Good

Rock with several sets of mod- 44
erately weathered joints spaced
1to 3 feet apart

Fair

Rock with numerous weathered 23
joints spaced | to 20 inches
apart with some gouge

Poor

Very poor Rock with numerous highly 3
weathered joints spaced < 2

inches apart

500 95-100 3.8 4.3 50 52 6.1

100 90-95 14 16 19 20 23

10 7590 028 0.32 0.38 0.40 0.46

1 50-75 0.049 0.056 0.066 0.069 0.081

0.1 2550 0015 0.016 0019 0.020 0.024

0.01 <25 Use gy for an equivalent soil mass

(1)Geomechanics Rock Mass Rating (RMQ) System-Bieniawski, 1988.
(DNorwegian Geotechnical Institute (NGI) Rock Mass Classification System, Barton, et a., 1974.
(3Rangeof RQD valuesprovided for general guidance only; actual determination of rock massquality should bebased on RMR or NGI

rating systems.

(4Value of Nms as a function of rock type; refer to Table 4.4.8.1.2B for typical range of values of Co for different rock typein each

category.

Refer to Table4.4.8.1.2A for values of Ny, Vauesof
C, should preferably be determined from the results of
laboratory testing of rock coresobtained within 2B of the
base of thefooting. Whererock stratawithin thisinterval
arevariablein strength, therock with thelowest capacity
should be used to determine qy. Alternatively, Table
4.4.8.1.2B may be used as a guide to estimate C,. For
rocks defined by very poor quality, the value of qu
should be determined asthevalue of g for anequivalent
soil mass.

44813 Factors of Safety

Spread footingson rock shall be designed for Group 1
loadings using a minimum factor of safety (FS) of 3.0
against a bearing capacity failure.

4.4.8.2 Settlement

4.4.8.2.1 Footings on Competent Rock

For footings on competent rock, elastic settlements
will generally be less than 1/, inch when footings are
designed in accordance with Article 4.4.8.1.1. When
€l asti ¢ settlements of this magnitude are unacceptable or
when therock isnot competent, an analysisof settlement
based on rock mass characteristics must be made. For
rock masseswhich havetime-dependent settlement char-
acteristics, the procedure in Article 4.4.7.2.3 may be
followed to determine the time-dependent component of
settlement.
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TABLE 4.4.8.1.2B Typical Range of Uniaxial Compressive Strength (C,) as a Function of

Rock Category and Rock Type

C,»
Rock 0
Category General Description Rock Type (ksf) (psi)
A Carbonate rocks with well- Dolostone 700- 6,500 4,800- 45,000
developed crystal cleavage Limestone 500- 6,000 3,500- 42,000
Carbonatite 800- 1,500 5,500- 10,000
Marble 800- 5,000 5,500- 35,000
Tactite-Skarn 2,700- 7,000 19,000- 49,000
B Lithified argillaceous rock Argillite 600- 3,000 4,200- 21,000
Claystone 30- 170 200- 1,200
Marlstone 1,000- 4,000 7,600- 28,000
Phyllite 500- 5,000 3,500- 35,000
Siltstone 200- 2,500 1,400- 17,000
Shale2 150- 740 1,000- 5,100
Slate 3,000- 4,400 21,000- 30,000
C Arenaceous rocks with strong Conglomerate 700- 4,600 4,800- 32,000
crystals and poor cleavage Sandstone 1,400- 3,600 9,700- 25,000
Quartzite 1,300- 8,000 9,000- 55,000
D Fine-grained igneous Andesite 2,100- 3,800 14,000- 26,000
crystalline rock Diabase 450-12,000 3,100- 83,000
E Coarse-grained igneous and Amphibolite 2,500- 5,800 17,000- 40,000
metamorphic crystalline rock Gabbro 2,600- 6,500 18,000- 45,000
Gneiss 500- 6,500 3,500- 45,000
Granite 300- 7,000 2,100- 49,000
Quartzdiorite 200- 2,100 1,400- 14,000
Quartzmonzonite 2,700- 3,300 19,000- 23,000
Schist 200- 3,000 1,400- 21,000
Syenite 3,800- 9,000 26,000- 62,000

(DRange of Uniaxial Compressive Strength values reported by various investigations.

(@Not including oil shale.

4.48.2.2
Rock

Footings on Broken or Jointed

» For rectangular footings;

Wherethe criteriafor competent rock are not met, the
influence of rock type, condition of discontinuities and
degree of weathering shall be considered in the settle-
ment analysis.

Theelastic settlement of footingson broken or jointed
rock may be determined using the following:

» For circular (or square) footings;
P =0o (1=VArlg/Em, withly=(  )IB;

(4.4.8.2.2-1)
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P=qo (1-12)BIy/Ep, with Iy = (L/B)"2/B,
(4.4.8.2.2-2)

Values of I, may be computed using the 3, values
presented in Table 4.4.7.2.2B from Article 4.4.7.2.2 for
rigid footings. Values of Poisson’s ratio (v) for typical
rock typesarepresentedin Table4.4.8.2.2A. Determina-
tion of therock massmodulus(E,) should bebased onthe
results of in-situ and laboratory tests. Alternatively, val-
uesof E,, may beestimated by multiplying theintact rock
modulus (E,) obtained from uniaxial compression tests
by areduction factor (ag) which accounts for frequency
of discontinuitiesby therock quality designation (RQD),
using the following relationships (Gardner, 1987):
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TABLE 4.4.8.2.2A Summary of Poisson’sRatiofor I ntact Rock
M odified after Kulhawy (1978)
No. of . , .

No. of Rock Poisson’s Ratio, v Standard

Rock Type Values Types Maximum Minimum Mean Deviation
Granite 22 22 0.39 0.09 0.20 0.08
Gabbro 3 3 0.20 0.16 0.18 0.02
Diabase 6 6 0.38 0.20 0.29 0.06
Basalt 11 11 0.32 0.16 0.23 0.05
Quartzite 6 6 0.22 0.08 0.14 0.05
Marble 5 5 0.40 0.17 0.28 0.08
Gneiss 11 11 0.40 0.09 0.22 0.09
Schist 12 11 0.31 0.02 0.12 0.08
Sandstone 12 9 0.46 0.08 0.20 0.11
Siltstone 3 3 0.23 0.09 0.18 0.06
Shale 3 3 0.18 0.03 0.09 0.06
Limestone 19 19 0.33 0.12 0.23 0.06
Dolostone 5 5 0.35 0.14 0.29 0.08

TABLE 4.4.8.2.2B Summary of Elastic Moduli for Intact Rock
Modified after Kulhawy (1978)
No. of Elastic Modulus, E,

No. of Rock (psi x 105)® Standard

Rock Type Values Types Maximum Minimum Mean Deviation
Granite 26 26 145 0.93 7.64 3.55
Diorite 3 3 16.2 248 7.45 6.19
Gabbro 3 3 12.2 9.80 11.0 0.97
Diabase 7 7 15.1 10.0 12.8 1.78
Basalt 12 12 12.2 4.20 8.14 2.60
Quartzite 7 7 12.8 5.29 9.59 232
Marble 14 13 10.7 0.58 6.18 249
Gneiss 13 13 11.9 413 8.86 231
Slate 11 2 3.79 0.35 1.39 0.96
Schist 13 12 10.0 0.86 497 3.18
Phyllite 3 3 251 1.25 1.71 0.57
Sandstone 27 19 5.68 0.09 213 119
Siltstone 5 5 476 0.38 2.39 1.65
Shale 30 14 5.60 0.001 1.42 145
Limestone 30 30 130 0.65 5.70 3.73
Dolostone 17 16 114 0.83 4.22 344

(1.0 x 108 psi = 1.44 x 105 ksf.
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Em=0gsE, (4.4.8.2.2-3)

ap =0.0231 (RQD) - 1.32>0.15 (4.4.8.2.2-4)

For preliminary design or when site-specific test data
cannot beobtained, guidelinesfor estimating valuesof E,
(such as presented in Table 4.4.8.2.2B or Figure
4.4.8.2.2A) may be used. For preliminary analysesor for
final design when in-situ test results are not available, a
value of ag = 0.15 should be used to estimate Ej,.

4.4.9 Overall Stability

The overall stability of footings, slopes, and founda-
tion soil or rock shall beevaluated for footingslocated on
or near aslope by limiting equilibrium methods of analy-
siswhich employ the M odified Bishop, simplified Janbu,
Spenser or other generally accepted methods of slope
stability analysis. Where soil and rock parameters and
groundwater level sarebased onin-situand/or laboratory
tests, the minimum factor of safety shall be 1.3 (or 1.5
where abutments are supported above a slope). Other-

4.4.8.2.3 Deleted wise, the minimum factor of safety shall be 1.5 (or 1.8
where abutments are supported above aretaining wall).
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4410 Deleted

4.4.11 Structural Design

44.11.1 Loads and Reactions

4.4.11.1.1 Action of Loads and Reactions

Footings shall be considered as under the action of
downward forces, due to the superimposed loads, re-
sisted by an upward pressure exerted by the foundation
materials and distributed over the area of the footings as
determined by the eccentricity of the resultant of the
downward forces. Where piles are used under footings,
the upward reaction of thefoundation shall be considered
as a series of concentrated loads applied at the pile
centers, each pile being assumed to carry the computed
portion of the total footing load.

44.11.1.2 Isolated and Multiple Footing
Reactions

When asingleisolated footing supportsacolumn, pier
orwall, thefooting shall beassumedto act asacantilever.
When footings support more than one column, pier, or
wall, the footing slab shall be designed for the actual
conditions of continuity and restraint.

4.4.11.2 Moments

441121 Critical Section

External moment on any section of afooting shall be
determined by passing avertical plane through the foot-
ing, and computing the moment of the forces acting over
theentireareaof footing on onesideof that vertical plane.
The critical section for bending shall be taken at the face
of column, pier, wall or a edge of hinge. In the case of
columns that are not square or rectangular, the critical
section shall betaken at the side of the concentric square
of equivalent area. For footingsunder masonry walls, the
critical section shall be taken as halfway between the
middle and edge of the wall. For footings under metallic
column bases, the critical section shall be taken as half-
way between the column faceand theedge of themetallic
base. Reinforcement for footing flexural moments shall
be in accordance with Article 8.16.3.

4.4.11.2.2 Distribution of Reinforcement

Reinforcement of one-way and two-way square foot-
ingsshall bedistributed uniformly acrosstheentirewidth
of footing.

In two-way rectangular footings, reinforcement shall
be distributed as follows:

Reinforcement in the long direction shall be distrib-
uted uniformly across entire width of footing.

For reinforcement in the long direction, the area of
reinforcement to beplaced shall benot lessthan2L/ (L+S)
times the area of reinforcement required to resist the
applied moment and shall be distributed uniformily over
theentirewidth. L and Sequal thelengthsof thelong side
and short side of the footing, respectively.

The minimum top flexural reinforcement for footings
shall bethat required to resist loads which cause tension
inthetop fiber, Article 8.17.1 or Article 8.20 whichever
controls.

44113  Shear

4.4.11.3.1 Computation of shear in footings, and
location of critical section, shall be in accordance with
Article 8.15.5.6 or 8.16.6.6. Location of critical section
shall be measured from the face of column, pier, wall, or
at edge of hinge, for footings supporting a column, pier,
or wall. For footings supporting a column or pier with
metallic base plate, the critical section shall be measured
from the location defined in Article 4.4.11.2.1.

4.4.11.3.2 For footings supported on piles, shear
on the critical section shall be in accordance with the
following, whered, isthediameter of around pileor depth
of H pile at footing base:

(@ Entire reaction from any pile whose center is
located dy/2 or more outside the critical section
shall be considered as producing shear on that
section.

(b) Reaction from any pile whose center is located
dy/2 or more inside the critical section shall be
considered as producing no shear on that section.

(c) For intermediate positions of pile center, the
portion of the pile reaction to be considered as
producing shear on the critical section shall be
based on linear interpol ation betweenfull valueat
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dy/2 outside the section and zero value at dy/2
inside the section.

4.4.11.3.3 Minimum Reinforcement

The minimum shear reinforcement for column foot-
ingsshall bevertical No. 5barsat 12 inch spacingineach
direction in aband between “ d” of the footing from the
column surface and 6 inches maximum from the column
reinforcement. Shear barsshall be hooked around thetop
and bottom flexure reinforcement in the footing.

4.4.11.4 Development of Reinforcement
4.4.11.4.1 Development Length

Computation of development of reinforcement in
footings shall be in accordance with Articles 8.24
through 8.32.

441142 Critical Section

Critical sections for development of reinforcement
shall be assumed at the same locations as defined in
Article 4.4.11.2 and at all other vertical planes where

changes in section, or reinforcement occur. See also
Article 8.24.1.5.

44115 Transfer of Force at Base of
Column
441151 Transfer of Force

All forces and moments applied at base of column or
pier shall be transferred to top of footing by bearing on
concrete and by reinforcement.

Fixed bases shall meet the requirements of this Ar-
ticle. Pinned bases shall meet therequirementsof Article
8.16.4.6.

441152 Lateral Forces
Lateral forces shall be transferred to supporting foot-

ing in accordance with shear-transfer provisions of Ar-
ticles 8.15.5.4 or 8.16.6.4.

4-28 Section4d FOUNDATIONS

4.4.11.5.3 Bearing

Bearing on concrete at contact surface between sup-
porting and supported member shall not exceed concrete
bearing strength for either surface as given in Articles
8.15.2 or 8.16.7.

441154 Reinforcement

Reinforcement shall be provided across interface be-
tween supporting and supported member either by ex-
tending main longitudinal reinforcement into footings or
by dowels. Reinforcement acrossinterface shall be suffi-
cient to satisfy all of the following:

» Reinforcement shall be provided to transfer all
force that exceeds concrete bearing strength in
supporting or supported member.

» If requiredloading conditionsincludeuplift, total
tensile force shall be resisted by reinforcement.

»  Areaof reinforcement shall not belessthan 0.005
times gross area of supported member, with a
minimum of four bars.

441155 Dowe Sze
Diameter of dowels, if used, shall not exceed diameter
of longitudinal reinforcement by more than 0. 15 inch.

4.4.11.5.6 Development Length

For transfer of forceby reinforcement, devel opment of
reinforcement in supporting and supported member shall
be in accordance with Articles 8.24 through 8.32.

4.4.11.5.7 Splicing

At footings, No. 14 and 18 main longitudinal rein-
forcement, in compression only, may belap spliced with
footing dowels to provide the required area, but not less
than that required by Article4.4.11.5.4. Dowelsshall not
be larger than No. 11 and shall extend into the column a
distance of not less than the development length of the
No. 14 or 18 bars or the splice length of the dowels,
whichever isgreater; andinto thefooting adistanceof not
less than the devel opment length of the dowels.

The bars shall be terminated in the footings with a
standard hook. Lap splices shall not be used.

+
+
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4.4.11.6 Unreinforced Concrete Footings

4.411.6.1 Design Stress

Design stressesin plain concretefootings or pedestals
shall be computed assuming alinear stress distribution.
For footings and pedestals cast against soil, effective
thickness used in computing stresses shall betaken asthe
overall thickness minus 3inches. Extremefiber stressin
tension shall not exceed that specified in Article
8.15.2.1.1. Bending need not be considered unless pro-
jection of footing from face to support member exceeds
footing thickness.

44116.2 Pedestals

Theratio of unsupported height to averageleast | ateral
dimension of plain concrete pedestal s shall not exceed 3.

45 DRIVEN PILES

45.1 General

The provisions of thisarticle shall apply to thedesign
of axialy and lateraly loaded driven piles in soil or
extending through soil to rock.

4511 Application

Piling may be considered when footings cannot be
founded on rock, or on granular or stiff cohesive soils
within areasonable depth. At locationswhere soil condi-
tions would normally permit the use of spread footings
but the potential for scour exists, piles may be used as a
protection against scour. Pilesmay al so be used wherean
unacceptable amount of settlement of spread footings
may OcCur.

4512 Materials

Piles may be structural steel sections, steel pipe, pre-
cast concrete, cast-in-place concrete, prestressed con-
crete, timber, or a combination of materials. In every
case, materials shall be supplied in accordance with the
provisions of this Article.

45.1.3 Deleted

45.1.4 Lateral Tip Restraint

No piling shall be used to penetrate a soft or loose
upper stratum overlying ahard or firm stratum unlessthe
piles penetrate the hard or firm stratum by a sufficient
distance to fix the ends against lateral movement of the
pile tip. Driving points or shoes may be necessary to
accomplish this penetration.

4515 Estimated L engths

Estimated pile lengths for each substructure shall be
shown on the plans and shall be based upon careful
evaluation of available subsurface information, static
and lateral capacity calculations, and/or past experience.

4516 Estimated and Minimum Tip
Elevation

Estimated and minimum pile tip elevations for each
substructure should be shown on the contract plans.
Estimated pile tip elevations shall reflect the elevation
wherethereguired ultimate pilecapacity can beobtained.
Minimum piletip elevations shall reflect the penetration
required to support lateral pile loads (including scour
considerations where appropriate) and/or penetration of
overlying, unsuitable soil strata.

45.1.7 Deleted

45.1.8 Test Piles

Test piles shall be considered for each substructure
unit (SeeArticle7. 1.1 for definition of substructureunit)
to determine pile instalation characteristics, evaluate
pile capacity with depth and to establish contractor pile
order lengths. Piles may be tested by static loading,
dynamic testing, conducting driveability studies, or a
combination thereof, based upon the knowledge of sub-
surfaceconditions. Thenumber of test pilesrequired may
be increased in non-uniform subsurface conditions. Test
piles may not be required where previous experience
exists with the same pile type and ultimate pile capacity
in similar subsurface conditions.
45.2 Pile Types

Pilesshall be classified as“friction” or “end bearing”
or a combination of both according to the manner in
which load transfer is devel oped.

Section4  FOUNDATIONS 4-29




[ o

BRrIiDGE DEsIGN

SpeciFicaTioNs ¢ NovemBER 2003

frans

45.2.1 Friction Piles

A pile shall be considered to be a friction pile if the
major portion of support capacity is derived from soil
resistance mobilized along the side of the embedded pile.

4522 End Bearing Piles

A pile shall be considered to be an end bearing pileif
the major portion of support capacity isderived from the
resistance of thefoundation material onwhichthepiletip
rests.

4523 Combination Friction and End
Bearing Piles

Under certain soil conditions and for certain pile
materials, the bearing capacity of a pile may be consid-
ered asthe sum of theresistance mobilized on the embed-
ded shaft and that developed at the pile tip, even though
the forces that are mobilized simultaneously are not
necessarily maximum values.

4524 Batter Piles

When thelateral resistance of the soil surrounding the
piles is inadequate to counteract the horizontal forces
transmitted to the foundation, or when increased rigidity
of the entire structure is required, batter piles should be
used in the foundation. Where negative skin friction
loads are expected, batter piles should be avoided, and an
alternate method of providing lateral restraint should be
used.
453 Notations

The following notations shall apply for the design of
driven pile foundations:

As = Areaof pile circumference (ft2)

At = Areaof piletip (ft?)

B = Pilediameter or width (ft)

f'e = Concrete compression strength (ksi)

foc = Concretecompression stressdueto prestressing
after all losses (ksi)

FS = Factor of safety (dim)

Fy = Yield strength of steel (ksi)

L = Pilelength (ft)

Qar = Design capacity (k)

Qs = Ultimate shaft resistance (k)

Qr = Ultimatetip resistance (k)

Section4d FOUNDATIONS

Qut = Ultimate pile capacity (k)

rs = Unit sideresistance (ksi)

Rs = Sideresistance (ksi)

re = Unit tip resistance (ksi)

R = Tipresistance (k)

p = Percentage of reinforcement (dim)
0, = Allowable stress (ksi)

The notations for dimension unitsinclude thefollow-
ing: dim = Dimensionless; ft = foot; squarefeet =ft2; k =
kip; ksi = kip/in2 and in. = inch. The dimensional units
provided with each notation are presented for illustration
only todemonstrate adimensional ly correct combination
of units for the footing capacity procedures presented
herein. If other units are used, the dimensional correct-
ness of the equations shall be confirmed.

454 Design Terminology

Refer to Figure 4.5.4A for terminology used in the
design of driven pile foundations.

4.5.5 Selection of Soil and Rock Properties

Soil and rock properties defining the strength and
compressibility characteristics of the foundation materi-
als, arerequired for driven pile design. Refer to Article
4.3 for guidelines for subsurface exploration to obtain
soil and rock properties.

4.5.6 Selection of Design Pile Capacity

Thedesign pile capacity isthe maximum load the pile
shall support with tolerable movement. In determining

the design pile capacity, the following items shall be
considered:

«  Ultimate geotechnical capacity; and
e Structural capacity of the pile section.

456.1 Ultimate Geotechnical Capacity

The ultimate axial capacity of a driven pile shall be
determined from:
Quit=Qs+Qr (45.6.1-1)

The allowable design axial capacity shall be deter-
mined from:

Qai = Qui/FS (4.5.6.1-2)
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FIGURE 4.5.4A Design Terminology for Driven Pile Foundatons
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45.6.1.1 Factors Affecting Axial Capacity
In determining the design axial capacity, consider-
ation shall be given to:

»  The difference between the supporting capacity
of asingle pile and that of a group of piles;

»  Thecapacity of anunderlying stratato support the
load of the pile group;

. The effects of driving piles on adjacent struc-
tures or slopes;

» Thepossibility of scour anditseffect onaxial and
lateral capacity;

» Theeffectsof negative skin friction or downdrag
loads from consolidating soil and the effects of
uplift loads from expansive or swelling soils;

» Theinfluence of construction techniques such as
augering or jetting on capacity; and

*  Theinfluence of fluctuations in the elevation of
the ground water table on capacity.

456.1.2 Axial Capacity in Cohesive Soils

The ultimate axial capacity of pilesin cohesive soils

may be calculated using a total stress method (e.g.,

Tomlinson, 1957) for undrained loading conditions, or

an effective stress method (e.g., Meyerhof, 1976) for

drained loading conditions. The axial capacity may also
be calculated from in-situ testing methods such as the
cone penetration (e.g., Schmertmann, 1978) or

pressuremeter tests (e.g., Baguelin, 1978).

456.1.3 Axial Capacity in Cohesionless

Soils

The ultimate axial capacity of pilesin cohesionless
soilsmay becal culated usinganempirical effectivestress
method (e.g., Nordlund, 1963) or from in-situ testing
methods and analysis such as the cone penetration (e.g.,
Schmertmann, 1978) or pressuremeter tests (e.g.,
Baguelin, 1978).

456.1.4 Axial Capacity on Rock

For piles driven to competent rock, the structural
capacity in Article4.5.7 will generally governthedesign
axial capacity. For pilesdriventoweak rock such asshale
and mudstone or poor quality weathered rock, a static
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load test is recommended. Pile relaxation should be
consideredin certain kindsof rock when performing load
tests.

4.5.6.2 Factor of Safety Selection

The required nominal resistance is twice the design
serviceload. TheDivision of Structural Foundationswill
determine the geotechnical capacity to meet or exceed
the required nominal resistance. The safety margin be-
tween the required nominal resistance and the ultimate
geotechnical capacity shall be determined by the Divi-
sion of Structural Foundations considering the uncer-
tainties of the ultimate soil capacity determination and
pile installation control.

4.5.6.3 Deleted

45.6.4 Group Pile Loading

Group pile capacity should be determined as the
product of the group efficiency, number of pilesin the
group, andthecapacity of asinglepile. Ingeneral, agroup
efficiency value of 1.0 should be used; however, for
friction piles in cohesive soil, a group efficiency value
lessthan 1.0 may berequired depending upon the center-
to-center spacing of the piles. The Division of Structural
Foundations should be consulted to determine the effi-
ciency factorsfor friction pilesin cohesive soils.

4.5.6.5 Lateral Loads on Piles

The design of laterally loaded piles is usually gov-
erned by lateral movement criteria. The design of |ater-
ally loaded piles shall account for the effects of soil/rock
structure interaction between the pile and ground (e.g.,
Reese, 1984). Methods of analysis evaluating the ulti-
mate capacity or deflection of laterally loaded piles(e.g.,
Broms, 1964a and 1964b; Singh, et al., 1971) may be
used for preliminary design only as a meansto evaluate
appropriate pile sections.

4.5.6.5.1 Lateral Resistance

Lateral resistance of pilesfully embedded in soil with
standard penetration resistance value, N, of 10 and with
a1/, inch maximum horizontal deflection under Service
Load shall be:

+
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CIDH Concrete (16") ....ccooveverererenienien 13 kips
Driven Concrete(15" or 14") .....cooeeeeeneee 13kips
Driven Concrete (12") ....ccocoveveieveenenniene 5 kips
Steel (12" or 10" flange) ......ccceeererercrennnns 5 kips
Steel (8" flange) .....cevveererenererereeeree 4 kips
TIMDES it 5 kips

Thelateral resistance of pilesnot within these criteria
shall be determined by geotechnical analysis and struc-
tural adequacy of the pile.

At bent and pier footings the number of pilesrequired
for lateral pileresistance shall not be governed by Group
VIl loads.

The horizontal component of a battered pile’s axial
load may be added to the lateral resistance.

45.6.6 Uplift Loads on Pile

The uplift design capacity of single piles and pile
groups shall be determined in accordance with Articles
45.6.6.1 and 4.5.6.6.2 respectively. Proper provision
shall be made for anchorage of the pile into the pile cap.

4.5.6.6.1 Sngle Pile

Friction piles may be considered to resist an intermit-
tent but not sustained uplift. Uplift resistance may be
equivalent to 40 percent of the allowable structural
compressive load capacity. Adequate pile anchorage,
tensile strength, and geotechnical capacity must be pro-
vided.

45.6.6.2 Pile Group

Theuplift design capacity for apilegroup shall bethe
lesser of: (1) The single pile uplift design capacity mul-
tiplied by the number of piles in the group, or (2)
two-thirdsof theeffectiveweight of thepilegroupandthe
soils contained within a block defined by the perimeter
of the group and the embedded length of the piles, or (3)
one-half theeffectiveweight of the pilegroup and the soil
contained within ablock defined by the perimeter of the
group and the embedded pile length plus one-half the
total soil shear on the peripheral surface of the group.

4.5.6.6.3 Seal Course

In seals, the bond between timber, steel, or concrete
piles and surrounding concrete may be assumed to be 10
poundsper squareinch. Thetotal bondforceused shall be
no greater than the resistance of the pile to uplift.

4.5.6.7 Vertical Ground Movement

The potential for external loading on apileby vertical
ground movements shall be considered as part of the
design. Vertical ground movements may result in nega-
tive skin friction or downdrag loads due to settlement of
compressible soils or may result in uplift loads due to
heave of expansive soils. For design purposes, the full
magnitude of maximum vertical ground movement shall
be assumed.

45.6.7.1 Negative &in Friction

The potential for external loading on a pile by nega-
tive skin friction/downdrag due to settlement of com-
pressible soil shall be considered as a part of the design.
Evaluation of negative skin friction shall include aload-
transfer method of analysisto determinethe neutral point
(i.e., point of zero relative displacement) and load distri-
bution along shaft (e.g., Fellenius, 1984, Reese and
O'Neill, 1988). Due to the possible time dependence
associated with vertical ground movement, the analysis
shall consider the effect of time onload transfer between
the ground and shaft and the analysis shall be performed
for the time period relating to the maximum axial load
transfer to the pile. If necessary, negative skin friction
loads that cause excessive settlement may be reduced by
application of bitumen or other viscous coatings to the
pile surfaces before installation.

45.6.7.2 Expansive Soil

Piles driven in swelling soils may be subjected to
uplift forces in the zone of seasonal moisture change.
Piles shall extend a sufficient distance into moisture-
stable soils to provide adequate resistance to swelling
uplift forces. In addition, sufficient clearance shall be
provided between the ground surface and the underside
of pile capsor grade beamsto preclude the application of
uplift loads at the pile cap. Uplift loads may be reduced
by application of bitumen or other viscous coatingstothe
pile surface in the swelling zone.

4.5.6.8 Deleted
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457 Structural Capacity of Pile Section

4571 Load Capacity Requirements
Piles shall be designed as structural members capable
of safely supporting all loads imposed on them by the
structure or surrounding soil.
45.7.2 Piles Extending Above Ground
Surface

For portions of piles in air or water, or in soil not
capable of providing adequate lateral support through-
out the pile length to prevent buckling, the structural
design provisions for compression members of Sections
8,9, 10, and 13 shall apply except: timber piles shall be
designedinaccordancewith Article 13.5using theallow-
able unit stresses given in Article 13.2 for lumber and in
Table4.5.7.3A.

4.5.7.3  Allowable Stresses in Piles

The maximum allowable stress on a pile shall not
exceed the following limits in severe subsurface condi-
tions.

Where piledamage or deteriorationispossible, it may
be prudent to use alower stresslevel than the maximum
allowable stress.

»  For steel H-piles, and unfilled steel pipepiles, the
maximumal lowabl estressshall not exceed 0.28F,
over the net cross-sectional area of the pile, not
including the area of any tip reinforcement. Net
section equal sgross section less/ginch from all
surfaces.

»  For concretefilled steel pipe piles, the maximum
alowable stress shall not exceed 0.28F, + 0.40f '
applied over the net cross-sectional area of the
steel pipe and on the cross-sectional area of the
concrete, respectively.

»  For precast concrete piles, the maximum allow-
able stress shall not exceed 0.33 f'; on the gross
cross-sectional area of the concrete.

»  For prestressed concrete piles fully embedded in
soils providing lateral support, the maximum
alowable stress shall not exceed 0.33 f'c—0.27pe
on the gross cross-sectional area of the concrete.

»  For round timber piles, the maximum allowable
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stressshall not exceed thevaluesin Table 4.5.7.3A
for the pile tip area. For sawn timber piles, the
values applicable to “wet condition” for allow-
ablecompression parallel tograinshall beusedin
Accordance with Article 13.2.

TABLE 45.7.3A AllowableWorking Stressfor
Round Timber Piles

Allowable Unit Working
Stress Compression
Parallel to Grain for
Normal Duration of

Species Loading o, (psi)
Ash, white 1,200
Beech 1,300
Birch 1,300
Chestnut 900
Cypress, Southern 1,200
Cypress, Tidewater red 1,200
Douglas Fir, coast type 1,200
Douglas Fir, inland 1,100
Elm, rock 1,300
Elm, soft 850
Gum, black and red 850
Hemlock, Eastern 800
Hemlock, West Coast 1,000
Hickory 1,650
Larch 1,200
Maple, hard 1,300
Oak, red and white 1,100
Pecan 1,650
Pine, Lodgepole 800
Pine, Norway 850
Pine, Southern 1,200
Pine, Southern, dense 1,400
Poplar, yellow 800
Redwood 1,100
Spruce, Eastern 850
Tupelo 850
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45.7.4 Deleted

4575 Scour

The probable depth of scour shall be determined by
subsurface exploration and hydraulic studies as de-
scribed in Article 4.3.5. If heavy scour is expected,
consideration shall be given to designing the portion of
the pilethat would be exposed asacolumn. In all cases,
the pile length shall be determined such that the design
structural load may be safely supported entirely below
the probabl e scour depth. The pile shall be of adequate
cross-section to withstand the driving necessary to pen-
etrate through the anticipated scour depth to the design
embedment.
458 Protection Against Corrosionand
Abrasion

Where conditions of exposure warrant, concrete en-
casement or other corrosion protection shall be used on
steel piles and steel shells. Exposed steel piles or steel
shellsshall not beusedinsalt or brackishwater, and only
with caution in fresh water. Where the piling is exposed
to the abrasive action of the bed load of materials, the
sectionshall beincreasedinthicknessor positiveprotec-
tion shall be provided.

4.5.9 Wave Equation Analysis

The constructability of the pile foundation design
should be evaluated using a wave equation computer
program. The wave equation should be used to confirm
that thedesign pil esection can beinstalledtothedesired
depth, ultimate capacity, and withinthe allowable driv-
ing stress levels specified in Article 4.5.11 using an
appropriately sized driving system.

4.5.10 Dynamic Monitoring

Dynamic monitoring may be specified for pilesin-
stalled in difficult subsurface conditions such as soils
with obstructions and boulders, or a steeply sloping
bedrock surface to evaluate compliance with structural
pile capacity. Dynamic monitoring may also be consid-
eredfor geotechnical capacity verificationwherethesize
of theproject or other limitationsdeter staticloadtesting.

4.5.11 Maximum Allowable Driving

Stresses

Maximum allowable driving stressesin pile material
fortopdriven pilesshall not exceedthefollowinglimits:

Steel piles 0.90F, (Compression)
0.90F, (Tension)
Concrete piles 0.85 f'c (Compression)

0.70F, of Steel Rein
forcement (Tension)
0.85 f'c — e (Compression)
3 \/@H foe (Tension)

Prestressed concrete piles
Normal environments

(f'cand fpe must bein psi.
The resulting max stressis

asoinpsi.)
Severe corrosive
environments foe (Tension)
Timber piles 3s, (Compression)

3s,(Tension)

Driving stresses may be estimated by performing wave
equation analysesor by dynamicmonitoring of forceand
acceleration at the pile head during pile driving.

45.12 Tolerable Movement

Tolerable axial and lateral displacement criteria for
driven pilefoundations shall be devel oped by the struc-
tural engineer consistent with the function and type of
structure, fixity of bearings, anticipated servicelife, and
consequences of unacceptable displacements on the
structural performance. Driven piledisplacement analy-
ses shall be based on the results of in-situ and/or labora-
tory testing to characterize the load def ormation behav-
ior of the foundation materials.

45.13 Buoyancy

The effect of hydrostatic pressure shall be considered
inthe design as provided in Article 3.19.

4.5.14 Protection Against Deterioration

45.14.1 Steed Piles

A steel pilefoundation designshall consider that steel
pilesmay besubjecttocorrosion, particularly infill soils,
low ph soils (acidic) and marine environments. A field
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electric resistivity survey, or resistivity testing and ph
testing of soil and ground water samples should be used
to evaluate the corrosion potential. Methods of protect-
ing steel piling in corrosive environmentsinclude use of
protective coatings, cathodic protection, and increased
pile steel area.

45.14.2 Concrete Piles

A concrete pile foundation design shall consider that
deterioration of concrete pilescan occur dueto sulfatesin
soil, ground water, or sea water; chlorides in soils and
chemical wastes; acidic ground water and organic acids.
Laboratory testing of soil and ground water samples for
sulfatesand phisusually sufficient to assess pile deterio-
ration potential. A full chemical analysis of soil and
ground water samples is recommended when chemical
wastes are suspected. Methods of protecting concrete
piling can include dense impermeable concrete, sulfate
resisting portland cement, minimum cover requirements
for reinforcing steel, and use of epoxies, resins, or other
protective coatings.

45143 Timber Piles

A timber pile foundation design shall consider that
deterioration of timber piles can occur dueto decay from
wetting and drying cycles or from insects or marine
borers. Methods of protecting timber piling include pres-
sure treating with creosote or other wood preservers.

45.15 Spacing, Clearances, and
Embedment
45.15.1 Pile Footings

Footings shall be proportioned to providetherequired
minimum spacing, clearance and embedment of piles.

45.15.1.1 Pile Spacing

Theminimum center to center spacing of pilesshall be
two timeseither the diameter or the maximum dimension
of the pile, but not less than 3 feet. The spacing shall be
increased when required by subsurface conditions.

Theminimumdistancefromthecenter of thepiletothe
nearest edge of the footing shall be equal to either the
diameter or the maximum dimension of the pile, but not
less than 1 foot 6 inches.
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4.5.15.1.2 Minimum Projection into CAP

Piles shall be embedded into concrete footings as
follows: concrete piles —3 inches; steel piles -5 inches;
timber piles -8 inches.

4.5.15.2 Bent Caps

Piles shall be embedded into concrete bent caps as
follows: concrete piles —1 inch; steel piles -5 inches;
timber piles—8 inches.

4516 Precast Concrete Piles

4516.1 Sizeand Shape

Precast concrete piles shall be of approved size and
shape but may be either of uniform section or tapered. In
general, tapered piling shall not be used for trestle con-
struction except for the portion of the pile which lies
below the ground line; nor shall tapered pilesbe used in
any location where the piles are to act as columns.

4516.2 Minimum Area

In general, concrete piles shall have a cross-sectional
area, measured abovethetaper, of not lessthan 98 square
inches. In saltwater a minimum cross-sectional area of
140 square inches shall be used. If a square section is
employed, the corners shall be chamfered at least 1 inch.

45.16.3 Minimum Diameter of Tapered
Piles

The diameter of tapered piles measured at the point
shall be not less than 8 inches. In all cases the diameter
shall be considered as the least dimension through the
center.

45.16.4  Driving Points
Piles preferably shall be cast with adriving point and,

for hard driving, preferably shall be shod with a metal
shoe of approved pattern.

45.16.5 Vertical Reinforcement

Vertical reinforcement shall consist of not less than
four bars spaced uniformly around the perimeter of the
pile, except that if more than four bars are used, the
number may bereduced to four inthe bottom 4 feet of the
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pile. The amount of reinforcement shall be at least 1 1/,
percent of the total section measured above the taper.

45.16.6 Spiral Reinforcement

Thefull length of vertical steel shall be enclosed with
spiral reinforcement or equivalent hoops. The spiral
reinforcement at the ends of the pile shall have apitch of
3inchesand gage of not lessthan No. 5 (U.S. Steel Wire
Gage). In addition, the top 6 inches of the pile shall have
five turns of spiral winding at 1-inch pitch. For the
remainder of thepile, thelateral reinforcement shall bea
No. 5 gage spiral with not more than 6-inch pitch, or 1/4-
inch round hoops spaced on not morethan 6-inch centers.

45.16.7 Reinforcement Cover

The reinforcement shall be placed at a clear distance
from the face of the pile of not less than 2 inches and,
when piles are used in saltwater or alkali soils, thisclear
distance shall not be less than 3 inches.

Splices

Pilesmay be spliced provided that the splice devel ops
thefull strength of the pile. Splices should be detailed on
the contract plans. Any alternative method of splicing
that provides equal results may be considered for ap-
proval.

45.16.8

45169 Handling Stresses

In computing stresses dueto handling, the static loads
shall be increased by 50 percent as an allowance for
impact and shock.

4517 Cast-In-Place Concrete Piles

45171 Materials

Cast-in-place concrete piles shall be, in general, cast
in metal shells that shall remain permanently in place.
However, other types of cast-in-place piles, plain or
reinforced, cased or uncased, may be used if the soil
conditionspermit their useandif their design and method
of placing are satisfactory.

45.17.2 Shape

Cast-in-placeconcrete pilesmay haveauniform cross-
section or may be tapered over any portion.

4.5.17.3 Minimum Area

The minimum area at the butt of the pile shall be 100
inches and the minimum diameter at the tip of the pile
shall be 8 inches. Above the butt or taper, the minimum
size shall be as specified for precast piles.

45174  General Reinforcement
Requirements

Cast-in-place piles, carrying axial loads only where
the possibility of lateral forces being applied to the piles
is insignificant, need not be reinforced where the soil
providesadequatelateral support. Thoseportionsof cast-
in-place concrete piles that are not supported laterally
shall be designed as reinforced concrete columns in
accordance with Articles 8.15.4 and 8.16.4, and the
reinforcing steel shall extend 10 feet below the plane
wherethe soil provides adequate |ateral restraint. Where
the shell is smooth pipe and more than 0.12 inch in
thickness, it may be considered as load carrying in the
absence of corrosion. Where the shell is corrugated and
isat least 0.075 inch in thickness, it may be considered
as providing confinement in the absence of corrosion.

4.5.17.5 Renforcement into
Superstructure

Sufficient reinforcement shall be provided at thejunc-
tion of the pile with the superstructure to make a suitable
connection. The embedment of the reinforcement into
the cap shall be as specified for precast piles.

45.17.6 Shell Requirements

The shell shall be of sufficient thickness and strength
sothat it will hold its original form and show no harmful
distortion after it and adjacent shells have been driven
and the driving core, if any, has been withdrawn. The
plans shall stipulate that alternative designs of the shell
must be approved by the Engineer before any driving is
done.

45.17.7 Splices

Pilesmay be spliced provided the splice developsthe
full strength of the pile. Splices should be detailed on the
contract plans. Any alternative method of splicing pro-
viding equal results may be considered for approval.
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4.5.17.8 Reinforcement Cover

The reinforcement shall be placed a clear distance of
not less than 2 inches from the cased or uncased sides.
When piles are in corrosive or marine environments, or
when concreteis placed by the water or slurry displace-
ment methods, the clear distance shall not be less than 3
inches for uncased piles and piles with shells not suffi-
ciently corrosion resistant.

45179  Spacing Limitations

The spacing limitation for reinforcement shall be
considered in the design as provided in Article 8.21.7.

4518  Steel H-Piles

45181 Metal Thickness
Steel piles shall have a minimum thickness of web of
0.400inch. Spliceplatesshall not belessthan ¥/gin. thick.

Splices

Pilesshall be spliced to devel op the net section of pile.
The flanges and web shall be either spliced by butt
welding or with platesthat arewelded, riveted, or bolted.
Splices shall be detailed on the contract plans. Prefabri-
cated splicers may be used if the splice can develop the
net section of the pilein compression, tension, shear, and
bending.

45182

45183 Caps

Ingeneral, capsarenot required for steel pilesembed-
ded in concrete.

45184  Lugs, Scabs, and Core-Stoppers

These devices may be used to increase the bearing
capacity of thepilewherenecessary. They may consist of
structural shapes—-welded, riveted, or bolted—of plates
welded between the flanges, or of timber or concrete
blocks securely fastened.

45185 Point Attachments

If pile penetration through cobbles, boulders, debris
fill or obstructionsis anticipated, pile tips shall be rein-
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forced with structural shapes or with prefabricated cast
steel points. Cast steel points shall meet the requirements
of ASTM A27.

45.19 Unfilled Tubular Steel Piles

45.19.1 Metal Thickness

Piles shall have a minimum thickness not less than
indicated in the following table:

Outside Diameter Less than 14 inches

14 inches and over
Wall Thickness 0.25inch 0.375inch
45.19.2 Splices

Piles shall be spliced to develop the full section of the
pile. The piles shall be spliced either by butt welding or
by the use of welded sleeves. Splices shall be detailed on
the contract plans.

45.19.3 Driving

Tubular steel pilesmay bedriven either closed or open
ended. Closure plates should not extend beyond the
perimeter of the pile.

45194  Column Action

Wherethe pilesaretobeused aspart of abent structure
or where heavy scour is anticipated that would expose a
portion of the pile, the pile will be investigated for
columnaction. Theprovisionsof Article4.5.8 shall apply
to unfilled tubular steel piles.

4520 Prestressed Concrete Piles

45.20.1 Sizeand Shape

Prestressed concrete piles that are generally octago-
nal, squareor circular shall beof approved sizeand shape.
Air entrained concrete shall be used in piles that are
subject to freezing and thawing or wetting and drying.
Concrete in prestressed piles shall have a minimum
compressive strength, f '; of 5,000 psi at 28 days. Pre-
stressed concrete piles may be solid or hollow. For
hollow piles, precautionary measures should be taken to
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prevent breakage due to internal water pressure during
driving, icepressureintrestlepiles, and gaspressuredue
to decomposition of material used to form the void.

45.20.2 Main Reinforcement

Mainreinforcement shall be spaced and stressed so as
to provide a compressive stress on the pile after losses,
foe, general not less than 700 psi to prevent cracking
during handling andinstallation. Pilesshall bedesigned
to resist stresses developed during handling as well as
under serviceload conditions. Bending stresses shall be
investigated for all conditions of handling, taking into
account theweight of the pileplus50-percent allowance

for impact, with tensile stresses limited to 5 \/f_c¢

45.20.3 Vertical Reinforcement

The full length of vertical reinforcement shall be
enclosed within spiral reinforcement. For piles up to 24
inchesin diameter, spiral wire shall be No. 5 (U.S. Steel
Wire Gage). Spiral reinforcement at the ends of these
pilesshall have apitch of 3inchesfor approximately 16
turns. In addition, thetop 6 inches of pileshall havefive
turnsof spiral winding at 1-inch pitch. For the remainder
of thepile, thevertical steel shall beenclosed with spiral
reinforcement with not more than 6-inch pitch. For piles
having diametersgreater than 24 inches, spiral wireshall
be No. 4 (U.S. Steel Wire Gage). Spira reinforcement at
the end of these piles shall have a pitch of 2 inches for
approximately 16 turns. In addition, the top 6 inches of
pileshall havefour turnsof spiral winding at 11/,inches.
For the remainder of the pile, the vertical steel shall be
enclosed with spiral reinforcement with not morethan 4-
inch pitch. The reinforcement shall be placed at a clear
distance from the face of the prestressed pile of not less
than 2 inches.

45204  HollowCylinder Piles

Large diameter hollow cylinder piles shall be of ap-
proved size and shape. The wall thickness for cylinder
piles shall not be less than 5 inches.

45205 Splices

When prestressed concretepilesarespliced, thesplice
shall becapabl eof devel opingthefull sectionof thepile.
Splices shall be detailed on the contract plans.

4521 Timber Piles

4.5.21.1 Materials

Timber pilesshall conform to the requirements of the
Specifications for Wood Products, AASHTO M 168.
Timber pilesshall betreated or untreated asindicated on
the contract plans. Preservative treatment shall conform
to the requirements of Section 16, “Preservative Treat-
ments for Lumber.”

45212 LimitationsonUntreated Timber
PileUse

Untreated timber piles may be used for temporary
construction, revetments, fenders, and similar work, and
in permanent construction under the following condi-
tions:

e For foundation piling when the cutoff is below
permanent ground water level.

»  For trestle construction when it is economical to
do so, although treated piles are preferable.

e They shall not beusedwherethey will, or may, be
exposed to marine borers.

e They shall not be used where seismic design
considerations are critical.

4.5.21.3 Limitationson Treated Timber

PileUse

Treated timber piles shall not be used where seismic
design considerationsare critical.

46  DRILLEDSHAFTS

4.6.1 General

Theprovisionsof thisarticleshall apply tothedesign
of axially and laterally loaded drilled shafts in soil or
extending through soil to or into rock.

46.1.1 Application

Drilled shaftsmay beconsidered when spread f ootings
cannot be founded on suitable soil or rock stratawithin
areasonabl e depth and when pilesare not economically
viable due to high loads or obstructions to driving.
Drilled shaftsmay be used in lieu of spread footingsasa
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protection against scour. Drilled shafts may also be con-
sideredtoresisthighlateral or upliftloadswhen deforma-
tion tolerances are small.

46.1.2 Materials

Shaftsshall be cast-in-place concrete and may include
deformed bar steel reinforcement, structural steel sec-
tions, and/or permanent steel casing as required by de-
sign. In every case, materials shall be supplied in accor-
dance with the provisions of this Standard.

4.6.1.3 Construction

Drilled shafts may be constructed using the dry, cas-
ing, or wet method of construction, or a combination of
methods. In every case, hole excavation, concrete place-
ment, and all other aspects of shaft construction shall be
performed in conformance with the provisions of this
Standard.

46.14 Embedment

Shaft embedment shall be determined based on verti-
cal and lateral load capacities of both the shaft and
subsurface materials.

4.6.1.5 Shaft Diameter

For rock-socketed shaftswhich require casing through
the overburden soils, the socket diameter should be at
least 6 inches less than the inside diameter of the casing
to facilitate drill tool insertion and removal through the
casing. For rock-socketed shafts not requiring casing
through the overburden soils, the socket diameter can be
equal to the shaft diameter through the soil.

4.6.1.6 Batter Shafts

Theuseof battered shaftstoincreasethelateral capac-
ity of foundations is not recommended due to their
difficulty of construction and high cost. Instead, consid-
eration should first be given to increasing the shaft
diameter to obtain the required lateral capacity.

46.1.7

Shafts Through Embankment
Fill

Shafts extending through embankments shall extend
aminimum of 10feetinto origina ground unlessbedrock
or competent bearing strataoccursat alesser penetration.
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Fill used for embankment construction shall be random
fill material having adequate capacity which shall not
obstruct shaft construction to the required depth. Nega-
tive skin friction loads due to settlement and consolida-
tion of embankment or underlying soils shall be evalu-
ated for shafts in embankments. (See Article 4.6.5.2.5.)
4.6.2 Notations

The following notations shall apply for the design of
drilled shaft foundations in soil and rock:

a Tip bearing factor to account for large diameter

shaft tip (dim); (See Article 4.6.5.1.3)

Area of shaft (ft2)

Areaof shaft tip (ft2)

Tip bearing factor to account for large diameter

shaft tip (dim); (See Article 4.6.5.1.3)

Shaft diameter (ft); (See Article 4.6.3)

Diameter of enlarged base (ft); (See Article

4.6.3)

Least width of shaft group (ft); (See Article

4.6.5.2.4.3)

Diameter of rock socket (ft); (SeeArticle4.6.3)

Tip diameter (ft); (See Article 4.6.5.1.3)

Uniaxial compressive strength of rock mass

(ksf); (See Article 4.6.5.3. 1)

Uniaxial compressive strength of intact rock

(ksf)

Shaft length (ft); (See Article 4.6.3)

Length of rock socket (ft); (See Article 4.6.3)

Elastic modulus of concrete shaft or reinforced

shaft (ksf)

Elastic modulus of intact rock (ksf)

Elastic modulus of rock mass (ksf)

Factor of safety (dim)

Ultimate load transfer along shaft (ksf); (See

Article4.6.5.1.1 and 4.6.5.1.2)

Distancefrom shaft tip to top of weak soil layer

(ft); (See Article 4.6.5.2.4.3)

i = Depth interval (dim); (See Articles 4.6.5.1.1
and 4.6.5.1.2)

lps = Displacement influence factor for rock-sock-

eted shafts loaded in compression (dim); (See

Article 4.6.5.5.2)

Displacement influence factor for rock-sock-

eted shafts loaded in uplift (dim); (See Article

4.6.5.5.2)

Standard penetration resistance (blows/ft)

Standard penetration test blow count corrected

for effects of overburden (blows/ft)
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N. = Bearing capacity factor (dim); (See Article
4.6.5.1.3)

N; = Number of depth intervalsinto which shaft is
divided for determination of side resistance
(dim); (See Articles 4.6.5.1.1 and 4.6.5.1.2)

P = Lateral load on shaft (k)

Q = Total axial compression load applied to shaft
butt (k)

ge = Ultimate unit tip capacity for an equivalent
shaft for agroup of shafts supported in strong
layer overlying weaker layer (ksf); (SeeArticle
4.6.5.2.4.3)

O = Ultimateunittipcapacity of anequivalent shaft
bearing in weaker underlying soil layer (ksf);
(See Article 4.6.5.2.4.3)

Qu = Total axial uplift load applied to shaft butt (k)

qup = Ultimateunittipcapacity of anequivalent shaft
bearing in stronger upper soil layer (ksf); (See
Article 4.6.5.2.4.3)

Qs = Ultimate side resistance in soil (k); (See Ar-
ticles4.6.5.1.1 and 4.6.5.1.2)

gss = Ultimateunit shear resistance along shaft/rock
interface (psi); (See Article 4.6.5.3.1)

Qsr = Ultimatesideresistanceof rock socket (k); (See
Article 4.6.5.3.1)

gr = Ultimate unit tip resistance for shafts (ksf);
(See Articles 4.6.5.1.3 and 4.6.5.1.4)

grr = Ultimate unit tip resistance for shafts reduced
for size effects (ksf); (See Equations 4.6.5.1.3-
3and 4.6.5.1.4-2)

Qr = Ultimatetipresistanceinsoil (k); (SeeArticles
4.6.5.1.3and 4.6.5.1.4)

Qrr = Ultimatetip resistance of rock socket (k); (See
Article 4.6.5.3.2)

Qu: = Ultimate axial load capacity (k); (See Article
4.6.5.1)

RQD = Rock Quality Designation (dim)

Si = Incremental undrained shear strengthasafunc-
tion over ith depth interval (ksf); (See Article
4.6.5.1.1)

Sut = Undrained shear strengthwithin 2B bel ow shaft
tip (ksf); (See Article 4.6.5.1.3)

W = Weight of shaft (k)

Zi = Depth to midpoint of ith interval (ft); (See
Article4.6.5.1.2)

a = Adhesion factor (dim)

a; = Adhesion factor as a function over ith depth
interterval (dim); (See Article 4.6.5. 1.1)

ag = Reduction factor to estimate rock mass modu-

lusand uniaxial strengthfromthemodulusand

uniaxial strength of intact rock (dim); (See
Article 4.6.5.3.1)

b; = Load transfer factor in the ith interval (dim);
(SeeArticle4.6.5.1.2)

g: = Effectivesoil unitweightinithinterval (kcf);
(See Article 4.6.5.1.2)

Dzi = ithincrement of shaft length (ft)

z = Factortoaccountfor reducedindividual capac-
ity of closely spaced shaftsingroup (dim); (See
Article 4.6.5.2.4.1)

le = Elastic shortening of shaft (ft); (See Articles
4.6.5.5.1.1and 4.6.5.5.1.2)

rs = Total settlement displacement at butt for shaft
with rock socket (ft); (See Article 4.6.5.5.2)

ry = Total uplift displacement at butt for shaft with
rock socket (ft); (See Equation 4.6.5.5.2)

p = 3.1415(dim)

u = Poisson’sratio (dim)

Sc = Unconfined compressivestrengthof rock mass
or concrete, whichever is weaker (psi); (See
Article 4.6.5.3.1)

s\i = Effectivevertical stressat midpoint of ithdepth

interval (ksf); (See Article 4.6.5.1.2)

Thenotationsfor dimension unitsincludethefollow-
ing: dim=Dimensionless; deg=degree; ft=foot; k =kip;
k/ft = kip/ft; ksf = kip/ft2 and kcf = kip/ft3. The dimen-
sional unitsprovidedwitheachnotationarepresentedfor
illustration only to demonstrate adimensionally correct
combination of unitsfor theshaft capacity and settlement
procedures presented below. If other units are used, the
dimensional correctnessof the equations should be con-
firmed.
4.6.3 Design Terminology

Refer to Figure 4.6.3A for terminology used in design
of drilled shafts.

4.6.4 Selection of Soil and Rock Properties

Soil and rock properties def